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The synthesis of a combinatorial library of a-amide sulfone derivatives of
phenylalanine was achieved using a solid phase synthesis approach. A multistep
reaction sequence was used to introduce two sites ofdiversity, beginning with
phenylalanine as the template attached to ArgoGel-Wang resin. The initial solid
phase reaction studies were monitored using nanoprobeNMR and the reaction
progress for library synthesis was monitored using a duplicate ofone of library
members as an analytical control sample. The complete library was evaluated by
HPLC-DAD and HPLC-MS analysis of cleaved products. Selected members of the
library were characterized using FAB MS/MS and !H NMR.
All of the library compounds were synthesized and shown to be the correct
desired products. The purity of the library compounds ranged from 3 1 .4% to 88.8%
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Chapter 1 - Introduction to Combinatorial Chemistry
Combinatorial chemistry is a subfield of chemistry that aims to combine a small
number of chemical reagents, in all combinations defined by a given reaction scheme, to
yield a large number ofwell-defined products in a form that is easy to screen for
properties of
interest.1
Combinatorial techniques involve the rapid synthesis and
evaluation of large arrays ofmolecularly diverse compounds, called libraries. This new
field brings together many technologies, including synthesis, analytical, screening,
automation, computational, and information management. These technologies work
together as an effective set of tools for discovery.
Historically, combinatorial chemistry has its roots in the 1960s, with the work of
Robert B.
Merrifield.2
His early solid phase peptide synthesis work (Nobel Prize 1984)
laid the foundation for a great deal ofwork throughout the 1980s in efforts to produce
libraries of peptides. Geyson, et
al.,3
developed methods to synthesize arrays ofpeptides




independently developed methods of
split pool synthesis for making peptide mixture libraries. Houghten, et
al.,7
worked out
methods for solid phase parallel synthesis of peptide libraries. The end of the 1980s was
marked by significant breakthroughs in the area of high throughput screening techniques,
which significantly changed the focus of combinatorial chemistry. The challenge was then
placed on the synthesis end to produce libraries faster to keep up with the screening pace.
It became apparent in the early 1990s that small molecules had certain advantages over
peptides. The 1990s marked an era of tremendous growth and rapid development ofboth





independently, produced the first small organic molecule libraries. During this rapid
growth period, an entire industry began to emerge centered around combinatorial
chemistry. Several new companies were started with the primary focus of combinatorial
chemistry, with companies such as Argonaut Technologies, Bohdan, and Diversomer
Technologies offering automated synthesis equipment. Companies such as Symyx,
Combichem, Pharmacopia and IRORI began to specialize in contract combinatorial
synthesis. In addition, new companies began to offer specialty products for combinatorial
chemistry, such as Novabiochem and Argonaut Technologies. In recent years, this field
has grown such that there are now books
published,10"12
as well as new
journals13"15
dedicated to the subject. A great deal ofwork has been done in recent years in the
development of both solution phase and solid phase synthesis applications. Similarly, both
parallel and split pool techniques have been demonstrated to be useful for the generation
of libraries. Each type of synthesis and each library approach has certain advantages and
disadvantages. The particular outcome needs to be considered before deciding which
approach is to be used.






small scale with no isolation of intermediates. As a result, this approach is usually limited
to reactions that have few synthetic steps. Advantages to this type of synthesis include the
ability to directly apply traditional synthetic knowledge and experience, the limitless range
of reaction types, and the ability to scale up reactions. There are, however, some
disadvantages to this approach including, the fact that the products generated from the
'one-pot'
reactions are generally impure and require purification. Also, this approach
does not lend itselfwell to a split and mix technique for the generation of a library, and the
reactions must be limited in complexity and number of steps.
Solid phase synthesis is a technique first introduced byMerrifield for the synthesis
of peptides and has recently been extended to the synthesis ofmany types of small organic
molecules. In solid phase synthesis, reactions are carried on a core molecule that is
covalently bound to a solid support.
The solid polymeric support, also referred to as
beads or resin, are available in a few different types. TheMerrifield type resins consist of
a polystyrene backbone, which is crosslinked to a small extent with divinyl benzene and
functionalized with a small amount of chloromethyl styrene. The loading of these resins
occurs through the chloromethyl functional groups that are essentially on the polystyrene
backbone. PEG/PS type resins consist of aMerrifield resin that has been grafted with
polyethylene glycol chains. The loading ofPEG/PS resins is still at the chloromethyl
functional groups. The PEG grafts were added to modify the polymer properties.
Tentagel type resins are similar to PEG/PS with PEG tethers grafted on to the polystyrene
backbone. In the Tentagel resins, however, the loading occurs through functionalized end
groups of the PEG tethers. Placing the point of attachment on the end of a PEG tether
moves it away from the hydrophobic backbone to a more hydrophilic environment,
allowing the reactions to mimic solution conditions. Argonaut Technologies took
Tentagel resins a step further using a branching PEG at the point of attachment, which
essentially doubles the number of available loading
sites.18








Functionalized end groups (examples)
Figure 1 shows the basic structure ofArgoGel resins and some examples of functional
end groups that are available. The functional end groups are also referred to as linkers.
The resin, as well as the linker should be chosen based on several considerations
- (1)
The linking of the compound should be stable to all of the chemical reactions that need to
be carried out. (2) The final product should be readily cleaved. (3) Cleavage conditions
should not damage products. (4) Cleavage should not leave residual functional groups on
the library compound. (5) For on-bead analytical work, swelling of the resin is
important.18






The basic concept of solid phase synthesis is depicted in Figure 2. The first step in
a reaction sequence is the attachment or loading of a core molecule to a solid polymer
support through a covalent bond. Once the core molecule (scaffold) is bound to the resin,
the desired reactions are carried out while the growing molecule is still bound to the resin.
These reaction steps can be carried out in large excess of reagents to drive the reaction to
completion. When a reaction is complete, any unreacted materials can be rinsed away
leaving the desired compound on the resin, ready for the next step. This is a fast and
efficient purification procedure. When all of the reactions are complete, the final step is to
cleave the product from the resin. Solid phase synthesis offers some attractive
advantages, including, easy isolation and purification, high yields using an excess of
reagents, reactions can be run with high dilution, and synthesis can be automated. The
disadvantages, however, include, limited chemistry because of the narrow range of
reactions, limited temperature range, analytical reaction monitoring is difficult, and the
scale is limited.
In the design of a library, it is important to decide on a synthetic strategy. An
important consideration in the decision whether to use solution or solid phase techniques
is what approach will be taken when making a library. The techniques for generating a
library can be broken down into two categories, the parallel synthesis approach and the
split pool approach.
As implied by the name, the parallel synthesis approach to generating a library
involves several simultaneous reactions carried out in individual reaction vessels. This is
typically performed in a 96 well microtiter plate, where a different reaction is carried out
in each well. In the simple example depicted in Figure 3, if four different reagents are
added , each across a separate
row (1,2,3, and 4) and another set of reagents are added,
each down a separate column (A, B, C, and D), the result would be 16 reactions and 16
individual compounds. The advantages to this type of approach are seen in the handling
of the products. Since each individual reaction produces one compound, then the
isolation, identification, purity assessment, screening and archiving of these
compounds
are fairly straightforward. Reasonably large quantities of products can be made, since the
reactions are not being split. Since the compounds are in physically separate locations,
and above mentioned assessments are achieved, the investigation and establishment of
structure activity relationships (SAR) becomes a faster process. If the goal of the
synthesis of a library is to produce very large numbers of compounds, then the parallel
approach has the disadvantage of producing smaller numbers of compounds.
Figure 3. Parallel Synthesis





A-1 B-1 C-1 D-1
A-2 B-2 C-2 D-2
A-3 B-3 C-3 D-3
A-4 B-4 C-4 D-4
4x4 array yields 16 individual compounds
An alternative approach to the synthesis of a combinatorial library is the split pool
approach. This approach is sometimes argued to be true combinatorial chemistry. The
example in Figure 4 depicts a simple solid phase synthesis of peptides using only three
amino acids (A, B, and C). In the example, a quantity ofbeads is split into three separate
pools where reagent A is reacted in the first pool, reagent B in the second pool, and
reagent C in the third pool. When the reaction is complete, the beads are washed and
filtered to remove the excess reagents. The three pools are then recombined to one pool
containing the mixture of
three different compounds. After mixing, the pool is split again



























































into three separate pools and reagent A is reacted in the first pool, reagent B is reacted in
the second pool, and reagent C is reacted in the third pool. When this reaction is complete
and the beads are washed, the three pools are recombined to one pool, which now
contains nine compounds. Another set of split, reaction, and recombine steps will result in
a mixture of 27 compounds. In this manner, the number of compounds can grow
exponentially. In a real application, the number of reagents would not necessarily be
limited to three, and the exponential growth of the library will achieve very large numbers,
very rapidly. This is the main advantage of this type of library approach. A synthesis with
X inputs with Y chemical steps, will give rise to
XY
compounds. Another advantage to
this approach would be realized ifmixtures can be used in the screening process. By
testing mixtures, less of a potentially expensive screening reagent will need to be
consumed than if testing were done on individual compounds. This method has some
disadvantages as well. The identification of lead compounds can be time consuming and
challenging. Many strategies have been utilized to aid in this process, such as tagging,
encoding, and deconvolution. Because the reactionmixture is continuously being
subdivided, the quantities of individual compounds are very small, which may be a
disadvantage in some cases.
In the work reported here, an important consideration is the purity of the products.
For this reason, a solid phase parallel synthesis approach was investigated. An example
from the literature of a library of compounds generated in this manner is the synthesis of
1,4 benzodiazapines by B. A. Bunin and J. A.
Ellman,8
which is shown in Figure 5.




a) Fmoc protecting group & loading onto bead
b) Deprotect the amine
c) N-Fmoc-Amino acid fluoride
- form the amide
d) Ring closing
- by nucleophilic addition (imide)
e) N Alkylation
f) Cleave from bead - product
Solid phase organic synthesis offers several advantages for the synthesis of
combinatorial libraries. However, one important obstacle to overcome in the use of solid
phase synthesis, is the difficulty ofmonitoring the progress of reactions while the desired
compound is attached to the bead (solid
support).1
Traditional techniques for monitoring
reactions, such as TLC, HPLC, Mass Spectrometry, and NMR, are not very useful, since
the desired product or intermediate is covalently bound to a solid phase resin.
Additionally, the reagents used in these reactions are typically used in large excess to drive
reactions to completion. This makes monitoring the disappearance of starting materials
virtually impossible. The need to monitor the steps of solid phase reactions, has brought
about recent analytical developments. The first is MAS nano-probe
NMR,19'22
which
utilizes a technique known as magic angle
spinning23'
u
to eliminate the line broadening
caused by magnetic susceptibilitymismatches within the heterogeneous sample. The result
is a high-resolution NMR spectrum of the analytes that are attached to the
bead.25"29
A
second technique that has some utility in monitoring SPOS reactions is micro-FTIR using
ATR (attenuated total
reflectance).30,31
This technique is useful for the analysis of
compounds, which are still attached to the bead. Certain functional group
interconversions can be clearly observed. A third technique that has been used for
monitoring SPOS reactions isMALD/I TOF mass spectrometry (Matrix Assisted Laser
Desorption/Ionization - Time Of
Flight).32'33
This technique allows for a mass spectrum to
be taken directly from the surface of the bead that has been cleaved with gaseous TFA and
treated with amatrix. Each of these techniques is sensitive enough that only a few beads
are required to obtain useful data. Cleaved products from combinatorial libraries can be
analyzed using traditional techniques, including NMR, MS, HPLC, and LC/MS. The final
purity can be improved using a preparative HPLC/MS system, which collects fractions
based on molecular ion
recognition.34'35
The goal of this project was to synthesize a test library of amino acid
(phenylalanine) derivatives in order to determine the necessary analytical techniques that
would be required for a solid phase organic synthesis of a library of new compounds.
These analytical techniques were utilized in the project in order to optimize each synthetic
step in the reaction sequence and to confirm the structures of the products. The desired
compounds to be synthesized in the library are shown Figure 6. The product is shown
with Rl and R2 to show the two sites of diversity.











A representation of the product with Rl and R2 to show the two sites ofdiversity.
\A
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Chapter 2 - Synthesis Development and Library Production
The work that is described here is not only a probe into some desired solid phase
chemistry, it is also an application of an overall approach to the development of a
combinatorial library, considering synthetic as well as analytical development and
optimization. The library development approach involves an initial investigation of solid
phase organic synthesis. The first experiments examine the loading of a core molecule
onto the chosen solid phase resin. The initial loading studies provide samples that can be
used to investigate the most useful, as well as the most efficient analytical techniques of
on-bead analysis for the proposed reaction sequence. Once it is determined that the core
molecule can be loaded, it is most useful to investigate the conditions needed to cleave the
molecule from the resin, before any further synthetic optimizations are attempted. The
next step is to optimize the reaction sequence that will be used in the library production
for one set of reagents. The further development of the on-bead analytical techniques will
aid in the optimization of this model reaction. Once the solid phase reaction conditions
have been optimized for a model reaction, it is useful to synthesize a small, trial library.
This trial library should be a subset of the desired, large library, which serves two
purposes. First, it is a rehearsal of the synthesis, which can provide insight into some
potential pitfalls that might be encountered, using a diversity ofbuilding blocks. Second,
it provides a small array of diverse samples that can be sacrificed for the purpose of
developing the analytical methods that will be used to assay the actual library. Since the
solid phase synthesis provides limited amounts of products, the test library is useful for
optimizing the synthetic and analytical methodologies so the actual library can be
produced in an efficient manner.
The work reported is a demonstration of this library development approach. A
solid-phase organic synthesis (SPOS) method has been developed for the preparation of
a-amide sulfone derivatives of amino acids, which is suitable for the parallel synthesis of a
combinatorial library of these compounds. The method was developed using
11
phenylalanine as the amino acid template, and a test library of 20 new derivatives of
phenylalanine was synthesized. The reaction sequence that was developed is shown in
Figure 7. The structures of the reagents that were used to build the test library are
depicted in Figure 8, and the resulting structures of the products are shown in Figure 9.
Based on the test library, this methodology can now be applied to a much larger
combinatorial library, which is beyond the scope of this investigation.
12









Reagents and Conditions: (A) Argogel-Wang resin was treated at room temperature with 6 eq. phenylalanineN-Fmoc 6 eq
diisopropylcarbodiimide, and 1 eq dimethylaminopyridine and DMF. (B) Bead bound phenylalanine N-Fmoc 12 was treated
at room temperature with 1 : 1 piperidine:DMR (C) Bead bound phenylalanine 13 was treated with 6 eq. 2-bromopropionyl
chloride and 1 eq. dimethylanaline in DMF. (D) The a-bromo amide 14 was treated at room temperaturewith 6 eq sodium
p-toluene sulfinate in DMF. (E) The bead bound product 15 was treated at room temperature with 3:1 methylene chloride
trifluoro acetic acid to give the cleaved product 1-6.
13






R-A-1 R-B-1 R-C-1 R-D-1
R-A-2 R-B-2 R-C-2 R-D-2
R-A-3 R-B-3 R-C-3 R-D-3
R-A-4 R-B-4 R-C-4 R-D-4
R-A-5 R-B-5 R-C-5 R-D-5
(R) phenylalanine; (1) 2-bromopropionyl chloride, (2)
2- bromohexanoyl bromide, (3) 2- bromobutyryl bromide, (4)
chloroacetyl chloride; (5) sodium benzenesulfinate, (6) sodium p-toluenesulfinate, (7) sodium p-chlorobenzenesulfinate, (8)
sodium p-nitrobenzenesulfinate, (9) sodium p-methoxybenzenesulfinate.
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mw = 405 mw = 377
Structures andmolecular weights of the products of the 20 compound combinatorial library of a-amide sulfbne derivatives of
phenylalanine.
Reaction Development
The initial experiments were designed to examine the loading step in the reaction
sequence shown in Figure 7, and the subsequent cleavage of that material. This study will
determine whether the desired chemistry could be adapted to solid phase synthesis, by
15
showing that the desired material can be loaded on the resin and taken back off. The
amine protected phenylalanine N-Fmoc was loaded onto ArgoGel-Wang resin via an
esterification process using diisopropylcarbodiimide (DIC) and dimethylaminopyridine
(DMAP) in DMF. The 'H NMR (nano-probe) spectrumwas consistent with the desired
loaded core molecule, and showed the new ester linkage occupied 70% of the available
loading sites. This loaded phenylalanine N-Fmoc served as a good model to examine the
cleavage process. Treatment of the remainder of the loaded resin with a mixture of 1 : 1
trifluoroacetic acid (TFA) : methylene chloride (CH2CI2) resulted in the cleaved
phenylalanine N-Fmoc in the solution phase. This shows that the on and off conditions are
feasible.
At this point the first attempt was made to carry out the complete reaction
sequence on the solid phase. The first step was the same as described above using
ArgoGel-Wang Resin, phenylalanine N-Fmoc, DIC and DMAP in DMF. 'H nanoprobe
NMR analysis was consistent with the loading of the correct material at 58%. The amount
of loading was determined using the integrals of the peaks labeled A and B in Figure 10.
Peak A in spectrum (a) represents the methylene of the linking group for unreacted resin
and Peak B represents the same methylene of the linking group for the loaded resin. The
formation of the ester linkage causes the peak to shift downfield. The amount of loading
was calculated by taking the integral value for Peak B and dividing by the sum of the
integral values for Peaks A and B. The sum ofA and B represents total of the available
loading sites. The remaining sites on the resin remained unreacted. The loaded
phenylalanine N-Fmoc was then treated with a 1:1 mixture ofpiperidine and DMF to
remove the Fmoc protecting group, leaving the free amine. The removal of the protecting
group was confirmed by 'H NMR (nano-probe). The loaded phenylalanine was then
treated with a 6-fold excess of 2-bromopropionyl chloride in DMF. The desired acylation
appears to have occurred, however, the *H NMR spectrum was very complicated. The 2-
bromopropionyl chloride appears to have also reacted with the unloaded sites of the resin,
which poses a major problem with subsequent steps in the synthesis. This emphasizes the
importance of obtaining complete initial loading, the need to drive reactions to
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completion using excess reagents, and the importance of rehearsing reaction prior to
building a library.
The problem of poor loading was solved in the following two ways. First, the
original source ofDIC was old and was replaced with a fresh bottle. Second, the strategy
for loading was modified. The original method was to allow the loading reaction to run
overnight. The modified method allowed the loading reaction to run for two hours, at
which time the reaction was stopped by washing and filtering. A second set of loading
reactants was added and the loading step was repeated. This double loading combined
with the use of a fresh bottle ofDIC resulted fully loaded resin, as shown in Figure 10.
The lH NMR spectrum for this loading step was consistent with the desired material and
the active sites of the resin were fully loaded, which is seen by the disappearance of the
peak A in spectrum (a) ofFigure 10. The subsequent treatment with 1 : 1 piperidine :
DMF afforded the desired deprotected amine with 100% conversion. At this point the
loaded phenylalanine was treated with 6 equivalents of 2-bromopropionyl chloride in
DMF, affording the desired acylation product. In addition to the desired a-bromo
acylation product, there appears to be a significant amount of chlorine-bromine exchange
resulting in an undesirable a-chloro acylation product. The 'H NMR spectrum is
consistent with the presence ofboth products. The upfield region of the spectrum shows
two methyl resonances, and the integral ratio of bromo product to chloro product is 55%
to 45%. If the chloro acylation product reacts in the next step, then the same desired final
product would form. At this time the beads were split into two reaction vessels to test
two sets of conditions for the next step of the sequence. The product of the acylation was
treated with 6 equivalents of sodium p-toluenesulfinate in DMF, in the first reaction vessel
to afford the desired final a-sulfone product. The second reaction used DMSO as the
solvent instead ofDMF. There was not a noticeable difference between DMF and DMSO
for this reaction. 'H NMR shows that the bromo precursor was completely converted to
the desired a-sulfone product, however, the majority of the chloro precursor remained
unreacted for each of these reactions. FAB MS data is consistent with the findings in the
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NMR data, showing both the desired product and the a-chloro impurity. Since
2-
bromopropionyl chloride is the only bromo acid chloride that was used for the trial library,
the further investigation of the halogen exchange was postponed until after the production
of the trial library.
Figure 10. *H Nanoprobe NMR Spectra of the Loading Step
a) Initial Loading (incomplete)
b) Double Loading
Expanded region of 'H nanoprobe NMR spectra of two different loading reactions, (a) Initial
attempt using old reagents and running reaction overnight. Peak A represents unloaded sites of
the resin. Peak B represents the loaded resin sites, (b) Optimized loading using fresh DIC and
double loading. This spectrum shows complete loading as indicated by the absence ofPeak A.
Trial Combinatorial Library
To demonstrate the utility of this solid phase reaction sequence, for parallel
synthesis, a 20-compound trial
combinatorial library was synthesized. The library
synthesis followed the reaction sequence outlined above. An array of 20 reaction vessels
was set up and phenylalanine
N-Fmoc was double loaded on ArgoGel-Wang resin in each
vessel. In addition to the 20 library vessels, an additional vessel was set up and loaded.
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This additional vessel was a duplicate of one of the library reactions, which served as an
analytical control sample. Beads were taken out of this analytical control vessel after each
step for reaction monitoring. The reaction that was chosen to be the duplicate is the same
set of reagents that was used for the model synthesis reaction. This allows for the direct
comparison of spectra. Each of the 21 vessels were then treated with piperidine:DMF to
remove the Fmoc protecting group.
The first site of diversity was introduced when four different acylating agents were
each added to five reaction vessels. The acylating agents were: (I) 2-bromopropionyl
chloride, (2) 2-bromohexanoyl bromide, (3) 2-bromobutyryl bromide, (4) chloroacetyl
chloride.
The second site of diversity was introduced when five different sulfinic acid
sodium salts were added each to a set of four vessels, 1,2,3, and 4. The sulfinic acid
sodium salts were: (5) sodium benzenesulfinate, (6) sodium p-toluenesulfinate, (7) sodium
p-chlorobenzenesulfinate, (8) sodium p-nitrobenzenesulfinate, (9) sodium p-
methoxybenzenesulfinate.
The structures of the reagents, as well as a depiction of the matrix are shown in
Figure 8. The resulting structures of the products of the library along with their
respective molecular weights are shown in Figure 9.
The parallel synthesis method was successful in forming all 20 compounds. The
purity of the resulting compounds ranged from 31% to 89%. Even though the initially
loaded amino acid was one isomer, the acylation step introduced a second chiral center,
with the exception of chloroacetyl chloride. The introduction of the second chiral center
resulted in a mixture of diastereofners, which were separated in the HPLC in most cases.
The results of the duplicate sample reaction monitoring, as well as the analytical results of
the library evaluations are described in Chapter 3: Analytical Results and Discussion.
19
Further Investigation ofHalogen Exchange in the Acylation Step
In the third step of the model reaction scheme shown in Figure 7, it is desirable to
use an a-bromo acid chloride in the acylation of resin bound phenylalanine 13. The initial
work on this reaction, using 2-bromo propionyl chloride 1 as the acylating agent, showed
evidence of halogen exchange. The halogen exchange results in a significant impurity 14A
(Figure 10) with chloro in the a position rather than bromo 14. If this mixture is carried
on to the next step in the sequence, the bromo version forms the desired product and the
majority of the chloro version appears to remain unreacted. For this reason, further
investigation was done to understand where the halogen exchange was taking place.
The original bottle of 2-bromopropionyl chloride (Aldrich #1) that was used
contained approximately 12% of 2-chloropropionyl chloride as an impurity. To begin
investigating the halogen exchange problem, the original bottle (Aldrich #1) was used in
the acylation reaction using ArgogelWang resin that had previously been loaded (> 96%
loaded) with phenylalanine (see Figure 11). The original reaction condition were repeated
and allowed to run overnight (6 equivalents ofAldrich #1 in DMF). The result was
essentially the same as previously observed, a 1:1 mixture of a-bromo product and
oc-
chloro impurity. A second reaction was set up, similar to the first, however,
tetrabutylammonium bromide (6 equivalents) was also added. The intent of the addition
of the tetrabutylammonium bromide was to introduce an additional source of bromide to
the reaction in an attempt to halogen exchange the a-chloro product back to bromo. Both
of these reactions looked essentially the same, and both showed a mixture of a-bromo 14
and a-chloro 14A products in roughly 1 : 1 ratio. The extra source of bromide does not
appear to have had an influence on the solid phase reaction. Based on the impure starting
material (Aldrich #1), the expected product mixture ratio would be 88% bromo 14 and
12% chloro 14A.
At this point, it appears that there is more happening than just impure starting
material. Since the reaction is carried out using a 6-fold excess of starting material, it is
20
possible that the 2-chloropropionyl chloride impurity reacts faster. It is also possible that
halogen exchange is taking place during the course of the solid phase reaction. Either case
would explain the product ratio.
A fresh bottle of 2-bromopropionyl chloride was obtained, this time from ACROS
(ACROS #1) (see Figure 12), which was >99% pure. With no impurities present, a
reaction with ACROS #1 should not show any chloro impurity 14, if the cause is a kinetic
process. If the chloro product is formed using ACROS #1, one can conclude that it is the
result of a halogen exchange process that is happening during the course of the solid phase
reaction.
The acylation reaction was carried out under the same conditions using ACROS #1
as the source of 2-bromopropionyl chloride. The resulting product was cleaved from the
resin and analyzed by 'H NMR. The 'H NMR spectrum revealed the desired a-bromo
product (75 mole %) and the a-chloro product (25 mole %) (see Figure 11). The
presence of the chloro product indicates a halogen exchange process is taking place. A
second sample ofACROS #1 starting material was then analyzed by 'H NMR and showed
that 2-bromo propionyl chloride 1 was still >99% pure. A further discussion of the
analytical findings of the halogen exchange investigation is in Chapter 3: Analytical Results
and Discussion.
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Mole% 14 Mole% 14A
Expected product mixture 88% 12%
Actual product mixture 51% 49%
Acylation of resin bound phenylalanineA using original startingmaterial mixture (Aldrich #1 ). All percent data
shown are mole % values based on 'H NMR. The actual productmixture data is based on *HNMR ofcleaved
products.





Mole% 14 Mole% 14A
Expected product mixture 100% 0%
Actual product mixture 74% 26%
Acylation of resin bound phenylalanineA using new starting material (ACROS #1). All percent data shown are
mole % values based on 'H NMR. The actual product mixture data is based on "H NMR ofcleaved products.
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It was later revealed that by adding pure 2-bromopropionyl chloride to DMF, a
halogen exchange process occurs in the solvent, and 2-chloropropionyl chloride begins to
form, which was observed by solution 'H NMR. The acylation reaction was carried out a
final time using ACROS #1 and methylene chloride as the solvent instead ofDMF. This
reaction resulted in the formation of the a-bromo product and showed no evidence of the
formation of the a-chloro impurity by NMR or HPLC. When using bromo acid chlorides,
it appears that methylene chloride is a better choice of solvent than DMF to avoid halogen
exchange problems. The reaction sequence was continued on to the final step using
sodium p-toluenesulfinate in DMF, with complete reaction of the a-bromo precursor. In
this substitution reaction, there is no evidence of the chloro product. The halogen
exchange appears to only be a problem in the step 3 acylation reaction.
23
Chapter 3 - Analytical Results and Discussion
Reaction Development
The solid support used in all of the solid phase synthesis reactions was ArgoGel-
Wang resin. The !H nanoprobe NMR spectrum ofArgoGel-Wang resin, swollen in
CD2C12 is shown in Figure C-l ofAppendix C. The peak at 64.57, labeled (A) in the
structure, represents the benzyl methylene of theWang linking group. The sharp peaks
86.9 and 87.3, labeled (B) and (C) represent the para-substituted aromatics of theWang
linking group. The peaks at 83.8 and 84.1, labeled (D) and (E) represent the two
methylene groups of the polyethylene oxide (PEO) chain closest to the linking group. The
remainder of the methylene groups from the PEO chain overlap to form a large peak at
83.6, which was intentionally diminished using presaturation.
The *H nanoprobe NMR spectrum of the initial attempt at loading phenylalanine
N-Fmoc on to ArgoGel-Wang resin is shown in Figure C-2 ofAppendix C. The
spectrum is consistent with the structural features of loaded phenylalanine N-Fmoc. The
methylene of theWang linking group shifts to 85.1 when the ester linkage is formed,
which represents the loaded resin. The peak at 84.57 represents unloaded resin. The
amount of loading was determined using the integrals of these two peaks. The value of
the integral of the peak at 85. 1 was divided by the sum of the integrals of both peaks to
give a ratio of loading. This initial attempt resulted in a loading of 68%. A 1 : 1 ratio of
the aromatic protons from the Fmoc group to the peak at 85.1 shows that the protecting
group remained intact during the reaction.
Before getting too far into the reaction development, it was important to
investigate the conditions for cleaving the materials from the resin. The resin from the
initial loading was cleaved using TFA : CH2C12. HPLC analysis of the cleavage solution
showed a large response for the desired compound as well as evidence of unprotected
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phenylalanine, when compared to standard materials. No attempt was made to quantify
the amount ofunprotected phenylalanine, since the actual synthesis would be removing the
Fmoc group anyway. This demonstrated that loaded materials could be cleaved from the
resin. In the solution phase cleavage used here, the cleaved product is in the solution with
a large amount ofTFA. This limits the scope of analytical tools that can be used, due to
interferences from the TFA. The solvents from the solution could be evaporated down to
remove the TFA, however, low level impurities from the solvents are also concentrated
during this process.
A method for the analytical scale cleavage of small quantities of resin bound
compounds was developed, which uses the vapors from a mixture ofTFA and methylene
chloride. The apparatus that was fabricated for this gas phase cleavage is shown in Figure
G-l ofAppendix G. A portion of the loaded resin from the first step of the reaction
sequence was cleaved in this manner. The cleaved products resting on the surface of the
resin can be dried under vacuum to remove the residual TFA. Rinsing the cleaved
material, with CH2CI2, results in the cleaved material in solution with a minimal amount of
solvent. HPLC analysis of the cleavage solution showed a large response for the desired
compound.
The first attempt at the reaction sequence was monitored by *H nanoprobe NMR,
by removing a small portion of resin after each step of the reaction. The amount of
loading of the resin was determined as well as the extent of conversion for each step of the
reaction. The amount of loading for the first step was determined in the same manner as
described above. The amount of loading of resin for subsequent steps in the reaction
sequence is determined by referencing to the unreacted resin peak at 84.57. Characteristic
peaks in the spectra are used to determine the extent of conversion between steps. The
results of loading and conversions for the first attempt at the reaction sequence are
tabulated in Table 1.
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Table 1: NMR ReactionMonitoring of model synthetic sequence
First Attempt.
% Loaded % DesiredMaterial
Stepl 58% 100%
Step 2 58% 100%
Step 3 >95% __
*
Step 4 100% __
**
* The unoccupied sites of the resin were loaded in step 3 resulting in an
undesirablemixture. Due to overlapping peaks, it is difficult to
estimate the amount ofdesired material formed.
** The correct materials from themixture of step 3 appear to have
converted to desired product, however it is difficule to estimate the
amount ofdesiredmaterial formed.
The second attempt at the reaction sequence used fresh DIC and double loading to
ensure high loading. The results of the reaction monitoring by *H nanoprobe NMR are
tabulated in Table 2.
Table 2: NMR ReactionMonitoring of model synthetic sequence
Second Attempt.
% Loaded % Desired Material
Stepl 100% 100%
Step 2 100% 100%
Step 3 100% 55%
*
Step 4 100% 58%
**
* The other 45% is likely the chloro product.
** The 58% represents total conversion of the bromo precursor. The
majority of the chloro precursor appears to remain unreacted.
A sample of the final product from the DMF reaction was cleaved using gas phase
cleavage and analyzed using FAB MS/MS. The FAB MS data contains (MH+) = 376 and
MS/MS fragmentation patterns, which are consistent with the structural features of the
desired product. Also present in the FAB MS spectrum is an impurity with a (MH+) =
256, which is consistent with the chloro precursor. The FAB MS data is consistent with
the findings in the NMR data.
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In addition to 'H nanoprobe NMR, the on-resin ATR FTIR technique was
investigated. The first two steps of the model reaction were analyzed and the resulting IR
spectra are overlaid in Figure 13. The first sample was the unreacted resin, the second
sample was the loaded phenylalanine N-Fmoc from step 1 (96% loaded by *H nanoprobe
NMR), and the third sample was the deprotected phenylalanine from step 2. As shown in
Figure 13a, the carbonyl group from the newly formed ester linkage can clearly be seen at
1733 cm"1. The band at 1722 is likely the carbonyl from the carbamate linkage of the
Fmoc protecting group. This 1722 band goes away in the step 2 spectrum, indicating the
removal of the Fmoc group. In Figure 13b, the band at 1300
cm"1
represents a good
reference band from the resin that remains unchanged during the course of the reactions.
It is conceivable that the ester carbonyl band could be compared to the reference band in
order to calculate the extent of loading. This type of calculation was not used for the
work reported here. ATR FTIR is a reasonable technique to confirm the loading in this
type of solid phase reaction. Coupled with another analytical technique that can provide
calibration points (cleaved materials vs standards), it is reasonable to think that ATR FTIR
could provide quantitative loading information. Because JH nanoprobe NMR provided
this quantitative information, as well as structural information, no further work was done
to optimize the ATR FTIR technique at this point.
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Figure 13. On-Resin ATR FTIR Spectra
(a)
A










ArgoGel-Wang resin, loaded resin from step 1 , and deprotected resin from step 2.
(a) Expansion to show carbonyl region, (b) Expansion to show reference band region.
Combinatorial Library
Each of the reagents used in the library synthesis were analyzed by solution !H
NMR. The acylating agents 1, 2, 3, and 4 were dissolved in CD2C12 and the sodium
sulfinates 5, 6, 7, 8, and 9 were dissolved in DMSO-aV The *H NMR spectra for each of
these compounds were consistent with the expected structure. All of the reagents appear
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to be better than 90% pure. The solution !H NMR spectra for each of these reagents are
shown in Figures F-l F-9 ofAppendix F.
As a means ofmonitoring the parallel reactions in the combinatorial library
production, a duplicate synthesis of one of the library members was performed. The
reagents used in the initial reaction studies described above, were used for one of the
parallel reactions of the library. This is the set of conditions that was also used for the
duplicate library control sample. After each step of the reaction sequence, a small quantity
of resin was taken out of the library control reaction for lH nanoprobe NMR analysis. In
addition, 2D COSY NMR spectra were acquired for each step in the library control
reaction. The LH and 2D COSY NMR spectra are shown in Appendix C. Since the first
and second steps of the reaction sequence are the same for all of the library members, the
library control reaction is a true representation of all of the reactions. The library control
sample serves as a model for the monitoring of the third and fourth steps of the library
synthesis. The results of the reaction monitoring by 2H nanoprobe NMR are tabulated in
Table 3.
Table 3: NMR ReactionMonitoring ofLibrary Synthesis.
% Loaded % DesiredMaterial
Stepl 96% 100%
Step 2 96% 100%
Step 3 96% 55%
*
Step 4 96% -70%
**
* The other 45% is the chloro product.
** The other 30% represents the chloro precursor. This number would
indicate that some of the chloro precursor has reacted.
The !H nanoprobe NMR spectrum for step 1 of the library control reaction is
shown in Figure C-3. Step 1 is the loading ofFmoc protected phenylalanine 11 to form
12. The spectrum is consistent with the structural features of the expected loaded
molecule. Although the nanoprobe spectra provide very good resolution for these
heterogeneous samples, some of the coupling information is lost. The Fmoc protecting
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group shows a series of peaks in the aromatic region between 87.2 and 87.8. The peak at
84.2 is consistent with the CH from the Fmoc group. The set ofpeaks centered at 84.4 is
consistent with the methylene group adjacent to Fmoc. The peak at 84.6 (adjacent to the
residual CH2 from unloaded resin) is consistent with the CH from the phenylalanine
portion of the molecule. The set of peaks at 83.1 is consistent with the non-equivalent
protons of the methylene group from the phenylalanine portion of the molecule.
The lH nanoprobe NMR spectrum for step 2 of the library control reaction is
shown in Figure C-4. The conversion in step 2 is the removal of the Fmoc protecting
group to form 13. The series of aromatic peaks from the Fmoc group are completely
removed. All of the aliphatic peaks that were described for Fmoc have completely
disappeared from the spectrum. The chemical shift for the methylene group of
phenylalanine has shifted upfield to 82.95, and the coupling constant has increased. The
2D COSY spectrum (Figure C-5) shows that CH group from the phenylalanine portion
has shifted upfield and is overlapping with the main PEO chain.
The !H nanoprobe NMR spectrum for step 3 of the library control reaction is
shown in Figure C-6. The conversion in step 3 is the acylation of the amine of 13 using
2-bromopropionyl chloride 1 to form 14. The aromatic region of the spectrum remains
relatively unchanged. The CH group from the phenylalanine portion of the molecule has
shifted downfield to 84.8. The methylene from the phenylalanine portion has shifted
downfield to 83.1 and the coupling constant has decreased. The 2D COSY spectrum
(Figure C-7) confirms the chemical shifts. The spectrum shows two methyl groups,
which correspond to the chloro 14A and bromo 14 substitution on the adjacent CH group.
The peak at 81.6 corresponds to the chloro and the peak at 81.8 corresponds to the
bromo. The 2D COSY spectrum shows that both of these methyl groups are coupled th
the peak at 84.4 which corresponds to both of the CH groups overlapped.
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The 'H nanoprobe NMR spectrum for step 4 of the library control reaction is
shown in Figure C-8. The conversion that takes place in step 4 is the substitution of
bromine using sodium p-toluenesulfinate 6 to form 15. A set of peaks with a
para-
substituted pattern appears in the aromatic region of the spectrum, which is consistent
with the desired compound. A peak at 82.4 corresponds to the methyl group of the
toluene portion of the molecule. The methyl peak at 81.6 corresponds to unreacted
chloro-substituted precursor 14A from step 3. The 2D COSY spectrum (Figure C-9)
shows this methyl group coupled to the peaks that remains at 84.2, which is the CH of the
chloro-substituted precursor 14A. The peak at 83.1 and the peak at 84.8 correspond to
the methylene and the CH respectively, from the phenylalanine portion of both the
product and the chloro-substituted precursor (overlapped). A comparison of the most
downfield peak of the para-substituted aromatic (2H), which represents only the product,
and the peak at 85.05 (2H) that corresponds to fully loaded resin, shows the mixture to be
68% product. The comparison of the two methyl groups at 81.4 and 81.6 should confirm
this ratio, however the underlying broad resonances from the polystyrene backbone
interfere with the calculation.
A portion of the resin from step 4 of the library control reaction were cleaved and
analyzed using solution 'H NMR (Figure C-10). By removing the product mixture from
the resin, the mole % of product can be calculated from the methyl groups at 81.3 and
81.5. The calculation showed the mixture to be 67 % product, which confirms the on-
bead spectrum calculation. HPLC analysis (at 254 nm) of this cleaved product mixture,
however, showed the area ratio of product 1-6 to chloro impurity 14A to be 80:20.
The initial evaluation of the 20 compound library was an analytical
HPLC/DAD/MS analysis using a 10 minute fast gradient separation with diode array
detection and Electrospray mass spectrometry in positive ion mode. The analysis was
performed after the compounds were cleaved from the resin usingMeCl2 : TFA (3:1
mixture). The mass spec information showed that molecular ion peak was present for
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each of the compounds of the library, however, the HPLC separations for these analyses
were not sufficient to give reliable purity information. The mass spectra of the product
peak for each of the compounds of the library are shown in Figures A-1 - A-21. The
mass spectrum of the chloro impurity described above, is shown in Figure A-2. The
chloro impurity is present in each of the compounds of the first column in Figure 9. The
LC/MS information also revealed that many of the products of the library synthesis were
pairs of diastereomers. The HPLC diode array data showed a consistent impurity in each
sample of the library, at the same retention time. This significant impurity did not respond
by ElectrosprayMS. Further investigation of the impurity revealed it to be a stabilizer that
was extracted from the plastic reaction vessels, used in the synthesis. Subsequent
HPLC/DAD analysis of each of the samples was performed using a different column and a
30 minute gradient separation. The relative purity of each of the products was evaluated
using 254 nm as the wavelength of detection. The area % data for each of the products is
shown in Table 4. The area % data is calculated be summing the areas for both
diastereomers and excluding the area of the plastic impurity peak.
Table 4: 20 Compound Library - HPLC Area % for product
peak detected at 254 nm.
1 2 3 4
5 31.4% 48.3% 42.8% 82.3%
6 41.6% 53.3% 58.7% 80.7%
7 46.7% 48.1% 40.2% 71.5%
8 64.9% 70.8% 73.8% 77.7%
9 85.6% 84.0% 85.6% 88.8%
The area % is based on the sum of the two diastereomer peaks in the cases where there was separation.
The peak area of the impurity from the plastic was subtracted out.
The molecular ion information obtained from LC/MS does not necessarily confirm
the presence of the correct product. To complement the LC/MS information, two of the
library samples were analyzed using FAB MS andMS/MS (samples 1-6 and 1-9). The
FAB MS andMS/MS spectra for 1-6 are shown in Figures D-1, D-2 and D-3 and those
for 1-9 are shown in Figures D-4, D-5, and D-6. The fragmentation information obtained
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from the MS/MS data was consistent with the proposed structures of these two samples.
In addition, the side by side comparison of the fragmentation patterns of the two samples
showed them to be very consistent with each other. A second look at the LC/MS data
revealed a small amount of fragmentation in the spectra of the products. The
fragmentation in the LC/MS spectra was consistent with the major fragments of the FAB
MS/MS spectra. The structural information obtained from the FAB spectra serve as a
model that, coupled with the limited fragmentation of the LC/MS spectra, help to confirm
the products from the library. The structural features of the FAB MS/MS fragmentation
are shown in Figure 14 and Figure 15. The structural difference between the two
compounds, 1-6 and 1-9, is the substitution on the aromatic ring of the sulfone.
Compound 1-6 has a methyl group in the para position and compound 1-9 has a methoxy
group in the para position. The comparison of the fragmentation pathways for the two
compounds shows the fragments from the main portion of the molecules to be very similar
and those associated with point of diversity show unique features for the individual
compounds.
In addition to the analytical evaluations mentioned, some preliminary work has
begun to investigate the use ofMALD/I TOF mass spectrometry. An attempt was made
to obtain aMALD/I spectrum directly from the surface of beads that have been cleaved
using gas phase cleavage. The library control sample 1-6 was cleaved using the fumes
from a 3: 1 mixture ofCH2C12 : TFA to afford the product compound on the surface of the
beads. A matrix of 2,5-di-hydroxybenzoic acid was dissolved in methanol and applied
over the surface of the sample. The sample and the matrix were allowed to co-crystallize
and aMALD/I spectrum was obtained. The spectrum did not show any responses that
correspond with the product, however, a peak appeared that may be consistent with the
previously mentioned impurity (from the plastic reaction vial). It appears that the product
1-6 is not very soluble in methanol.
This is an analytical area for further investigation,




















FAB MS/MS fragmentation of library compound 1-9.
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Further Investigation ofHalogen Exchange in the Acylation Step.
A sample from the original bottle of 2-bromopropionyl chloride (Aldrich #1) was
disolved in CD2C12 and analyzed by solution lH NMR The spectrum revealed the presence
of a mixture of the desired compound 1 (76 mole %), 2-bromopropionyl bromide 1A (12
mole %), and 2-chloropropionyl chloride IB (12 mole %) (see Figure 10). This same
bottle (Aldrich #1) was analyzed by GC/MS, which helped to confirm the three-
component mixture. To help confirm the ratio of components in the mixture, a GC/FTD
analysis was performed. The peak shapes of these compounds were poor, so there may be
some error associated with the peak integrations. The GC area % data shows 2-
bromopropionylchloride 1 (69%), 2- bromopropionyl bromide 1A (12%), and 2-
chloropropionyl chloride IB (16%) (Figure E-l ofAppendix E). The GC data seem to
correlate with the !H NMR data. In addition, a sample was prepared in methanol, which
converted each component to its methyl ester. GC/MS analysis showed both 2-
bromopropionyl chloride 1 and 2-bromopropionyl bromide 1A form the same methyl
ester. GC analysis resulted in much improved peak shapes and shows the bromo-
substituted methyl ester (87%) and the chloro-substituted methyl ester (12%) (Figure E-2
ofAppendix E).
The Aldrich #1 material was used in a repeat of the step 3 acylation conditions,
this time reacting overnight. In addition, a second reaction was run in an attempt to drive
the halogen exchange back to bromo. The !H nanoprobe NMR spectrum from each of
these samples looked essentially the same, and both showed amixture of a-bromo 14 and
a-chloro 14A products in roughly 1:1 ratio.
In order to confirm this ratio, a sample from the first reaction was cleaved using
3: 1 CD2C12 : TFA-di and analyzed by !H NMR. The *H NMR spectrum of the cleaved
product mixture showed 51 mole % bromo 14 and 49 mole % chloro 14A based on the
integral ratio of the two methyl groups.
35
Additionally, a sample of the bead bound product mixture from the overnight
reaction was taken out and cleaved from the resin (3: 1 CH2C12 : TFA for 30 min). The
majority of the solvents were evaporated using nitrogen gas. The sample was derivatized
using BSTFA in CH2C12 at 60C for 1 hour to form the TMS esters of the two products.
GC/MS analysis was performed to confirm the two components of the mixture. GC/FID
analysis showed the two components were 49 area % bromo 14 and 45 area % chloro
14A (Figure E-3 ofAppendix E).
A fresh bottle of 2-bromopropionyl chloride was obtained (ACROS #1). A sample
of this material ACROS #1 was dissolved in CD2C12 and analyzed by solution *H NMR.
The spectrum of this bottle showed the desired material to be >99% pure (Figure F-l of
Appendix F). An acylation reaction using ACROS #1 was carried out. The product
mixture was cleaved and analyzed by solution lH NMR. The spectrum revealed the
desired product 14 to be 75 mole % and the chloro impurity 14A to be 25 mole %.
The 2-bromopropionyl chloride 1 (ACROS #1) undergoes a halogen exchange
process when it is dissolved in DMF. This was not apparent initially since the 'H NMR
assessments of the different bottles of 2-bromopropionyl chloride were performed using
CD2C12 as the solvent. The Acylation reaction was set up using ACROS #1 inside a
nanoprobe NMR tube and the reaction was carried out inside the NMR probe and the
reaction was monitored over time. The reaction monitoring revealed that the halogen
exchange was happening with the reagent in the solution phase, as well as with the
product that was formed on the resin.
It was unclear what the halogen exchange process was or how 2-chloropropionyl
chloride was forming. A solution lH NMR comparison of 2-bromopropionyl chloride 1,
2-chloropropionyl chloride IB and 2-chloropropionic acid in an attempt to confirmwhat
species was forming in the halogen exchange process. Each of the samples was dissolved
in DMF-d7. The three spectra are displayed in Figure F-10. The spectra clearly show
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Chapter 4 - Conclusion
The work reported here is a demonstration of an overall approach to the
development of a combinatorial library. A successful combinatorial library is the final step
of a careful planning, development and optimization process of both the synthetic and
analytical methodologies. Initial investigations of the loading and cleaving steps provide
important information about the ability to adapt the desired chemistry to solid phase.
Development and optimization of the solid phase reaction sequence for one set of
reagents, helps to define the optimal reaction conditions. The synthesis of a trial library is
a means of testing the synthetic methodology on a small subset of the desired library. The
trial library provides a small array of diverse compounds that can be sacrificed for the
purpose ofdeveloping the most efficient analytical assays. The trail library is used as a
practice run, so the synthetic and analytical procedures are in place for the efficient
execution of the desired library. Based on the work described in this report, this
methodology can now be applied to the generation of a large library of amino acid
derivatives of this type.
The third step of the desired reaction sequence posed a halogen exchange problem,
when an a-bromo acid chloride was used as the acylating agent. It turns out that DMF,
used as the solvent, facilitates this exchange process. It was shown that when methylene
chloride was used as the solvent in the acylation reaction, there was no evidence of
halogen exchange. It was further shown that the a-bromo product, from the acylation
reaction, is fully reacted in the subsequent nucleophilic substitution reaction with a sodium
sulfinate. Even though the halogen exchange problem has been eliminated, the cleaved
material from the final step remains impure. Since the ultimate goal is to produce pure
final products, there is a need for future work to investigate the purity issue. It would be
useful to study the conditions for cleavage (CH2C12 : TFA), to see if there is room for
optimization. In addition, photocleavable linker
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may provide milder
conditions for cleavage, which could improve the purity. Preparative HPLC/MS can
provide a tool for the purification of final products, cleaved from the resin.
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The development of the combinatorial library has introduced three different types
of analytical challenges. First, in developing the synthetic conditions, it was necessary to
characterize the progress of reactions while the material remained bound to the resin. To
be able to determine the extent to which the resin was loaded was a necessity. *H
nanoprobe NMR provided this necessary loading information as well as extremely useful
structural information. Evaluation of on-resin FTIR using ATR showed that the technique
provided adequate loading information, however, the superior structural information
provided by !H nanoprobe NMR made it the technique of choice for on-resin
characterizations. The second challenge can be described as problem solving. With the
loading information in hand, it was often helpful to cleave a product or intermediate from
the resin and apply a variety of analytical techniques in order to understand the particular
problem. In some cases, the resonances from the polymer backbone would interfere with
the ability to obtain a good integral ratio. The solution NMR of the same sample that has
been cleaved from the resin provides a much cleaner spectrum. Additional information
can be obtained from the cleaved sample using techniques such as HPLC, LC/MS, FAB
MS/MS, GC, and GC/MS. The third analytical challenge faced was the characterization
of the library. Using a duplicate library control reaction was useful to monitor the course
of each step of a representative reaction by *H nanoprobe NMR. Analysis of each of the
library compounds using an HPLC system with a diode array detector coupled to a mass
spectrometer appears to be the most useful and efficient approach for the assessment of
the library. This provides an estimation ofproduct purity as well as molecular weight
confirmation in one analysis (from one sample prep). If the mass spectrometer is a triple
quadrupole instrument, thenMS/MS can provide the added dimension of structural
information by inducing fragmentation.
A future consideration for the on-resin characterization, as well as the problem
solving aspects of library development, is the use ofMALD/I as an interface to TOF or
FT-ICR mass spectrometry. For library assessment, new capabilities for LC/MS utilizing
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TOFMS faster analysis as well as accurate mass capabilities. The concept of tubeless
NMR can provide the ability to efficiently assess an entire library.
The development of combinatorial libraries should involve a great deal of
preliminary work. The planning process is as important as the initial development
of the
synthetic and analytical methodologies. The parallel synthesis of a well designed set of
compounds appears to be a more efficient process than the brute force synthesis of a large
library of infinite diversity.
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Chapter 5 - Experimental Section
Synthesis
Pretreatment ofResin.
ArgoGel-Wang resin 10 (Argonaut Technologies Inc.) was weighed (200 mg) into
a fritted plastic (polypropylene) reaction vial (Biorad Inc.). The resin was pretreated by
rinsing with a series of solvents and allowing each rinse to drain through the bottom filter
frit of the reaction vial. The rinse solvents , in order of use, were 1 : 1 acetic acid : MeCl2
(4x5 mL), CH2C12 (4x5 mL), and DMF (4x5 mL). The bottom of the reaction vial
was stoppered and 2 mL ofDMF was added. The pretreatment step was used to remove
impurities that may be present in the resin and to allow the resin to swell.
Step 1: Loading of Phenylalanine N-Fmoc on Argogel-Wang Resin.
In a separate scintillation vial, 181 mg of phenyalanine N-Fmoc 11 (6 equivalents)
and 10 mg ofdimethylaminopyridine (1 equivalent) were dissolved in 2 mL ofDMF. 100
pL of di-isopropylcarbodiimide (6 equivalents) was added and the solution turned yellow.
The yellow solution was transferred to the plastic reaction vial containing the pretreated
resin. The reaction was allowed to mix, end over end, for 2 hours at room temperature.
The solvent and excess reagents were allowed to drain through the bottom filter frit. The
reacted resin 12 was sequentially rinsed with DMF (4x5 mL), anhydrous THF (4x5
mL), CH2C12 (4x5 mL) and DMF (4x5 mL). For on-bead analysis, a small amount of
resin was taken out of the reaction vial after the CH2C12 rinses. The loading step was
repeated with a second set of reagents to achieve highly loaded resin 12.
Step 2: Deprotection ofFmoc Protecting Group.
Amixture of 1 : 1 piperidine : DMF (4 mL) was added to the loaded resin 12. The
reaction mixture was allowed to mix, end over end, for 2 hours at room temperature. The
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solvent and excess reagents were allowed to drain through the bottom filter frit. The
deprotected resin 13 was sequentially rinsed with DMF (4x5 mL), anhydrous THF (4x5
mL), CH2C12 (4x5 mL) and DMF (4x5 mL). For on-bead analysis, a small amount of
resin was taken out of the reaction vial after the CH2C12 rinses.
Step 3: Acylation of the Amine.
Acylating agent 1, 2, 3, or 4 (6 equivalents) in 4 mL ofDMF was added to the
de-
protected resin 13. The reaction was allowed to mix, end over end, for 4 hours at room
temperature. The acylation product was sequentially rinsed with DMF (4x5 mL),
anhydrous THF (4x5 mL), CH2C12 (4x5 mL) and DMF (4x5 mL). For on-bead






Step 4: Nucleophilic Substitution.
Sodium sulfinate 5, 6, 7, 8, or 9 (6 equivalents) in 4 mL DMF was added to the
acylation product. The reaction was allowed to mix, end over end, for 4 hours at room
temperature. The on-bead final product was sequentially rinsed with DMF (4x5 mL),
anhydrous THF (4x5 mL), CH2C12 (4x5 mL) and DMF (4x5 mL). For on-bead
analysis, a small amount of resin was taken out of the reaction vial after the CH2C12 rinses.
Sodium sulfinates
5 sodium benzenesulfinate 8 sodium p-nitrobenzenesulfinate
6 sodium p-toluenesulfinate 9 sodium p-methoxybenzenesulfinate
7 sodium p-chlorobenzenesulfinate
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Step 5: Cleavage ofProduct.
For the purpose of this work, the final cleavage step is for analytical scale use.
Two methods of cleavage were investigated.
Gas Phase Cleavage:
The special glass apparatus that was designed to be used for the gas phase reaction
is shown in Figure G-l ofAppendix G. A piece of polypropylene tubing carries a stream
of nitrogen gas into the apparatus. The nitrogen sparges a reservoir of 3:1 methylene
chloride:TFA. The vapors from the headspace above the reservoir were directed through
a connected glass tube. A sample of beads, with compound attached, was weighed out
into a modified, fritted reaction vial. A clamp connects the fritted reaction vial to the glass
tube of the apparatus. The generated vapors are directed through the beads and out
through the fritted bottom. The methylene chloride allows the beads to swell and the TFA
cleaves the compound from the beads. The reaction time is approximately 5 minutes.
Once cleaved, the compound is sitting on the surface of the beads. The beads are placed
in a dry vacuum oven, if the TFA needs to be removed. The sample sitting on the surface
of the beads can be analyzed directly from the surface for techniques such asMALDI/TOF
MS, or can be extracted with solvent and analyzed using traditional analytical techniques
such as HPLC, LC/MS and NMR.
Solution Phase Cleavage:
A sample of beads, with compound attached, was weighed out into a plastic fritted
reaction vial. Amixture of 2: 1 methylene chloride : TFA (2 mL) was added and the vial
was capped. The reaction mixture was allowed to mix, end over end, for 30 minutes at




HPLC Analysis ofDevelopment Samples.
The initial HPLC analysis of phenylalanine-Fmoc and phenylalanine for reaction
optimization were performed on a Hewlett Packard 1090 DR5 HPLC system, equipped
with a diode array detector. The reverse phase gradient HPLC conditions are listed below
(method name PHE_2MM.M).
Column YMC ODS-AQ (2.0 mm x 150 mm x 5 micron packing)
"A"
Solvent - 0.05 M ammonium acetate, pH 4.65
"B"
Solvent - acetonitrile
Flow Rate - 0.4 mL/min
Detection - 254 nm and 210 nm (diode array spectra collected, 200-600 nm)










Equilibrium Time - 9 min
LC/MS Analysis ofLibrary Samples.
All LC/MS samples were analyzed using a Perkin-Elmer Sciex API 365 Triple
Quadrupole LC/MS/MS mass spectrometer equipped with a Hewlett Packard 1050 HPLC
system and a Hewlett Packard 1 100 diode array detector. The mass spectrometer was
configured for turbo ion spray (nebulization assisted electrospray ionization) in single
quadrupole positive ion mode. A scan range of 100 to 2000 amu with a 0. 100 amu step
and a 0.160 ms dwell time was used. The orifice voltage was set to 30 volts. The flow
44
from the HPLC was split, post column, by a ratio of 10: 1 before being introduced into the
mass spectrometer.
The reverse phase gradient HPLC conditions for LC/MS analysis are listed below
(method name: NEWSCRN.M).
Column - Hypersil BDS-C8 (3.0 mm x 50 mm x 5 micron packing)
"A"
Solvent 0.01 M ammonium acetate, pH 4.65
"B"
Solvent - 1:1 acetonitrile : isopropanol
Flow Rate - 1.5 mL/min
Detection 254 nm (diode array spectra collected, 200-600 nm)










Equilibrium Time - 9 min
HPLC Analysis ofLibrary Compounds
HPLC analysis of all combinatorial library products was performed using a Hewlett
Packard 1090 PV5 HPLC system, equipped with a diode array detector. The reverse
phase gradient HPLC conditions are listed below (method name AJHLD3.M).
Column - Zorbax RX-C8 (4.6 mm x 150 mm x 5 micron packing)
"A"
Solvent 0.05 M ammonium acetate, pH 4.65
"B"
Solvent - acetonitrile
Flow Rate- 1.0 mL/min
Detection - 254 nm (diode array spectra collected, 200-600 nm)
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Equilibrium Time - 7 min
On-Bead NMR Analysis
All on-bead NMR data were acquired on a Varian Unity NMR spectrometer,
operating at a *H frequency of 500 MHz. The instrument was equipped with a Varian 4
mm *H observe Nano-NMR probe, with a single coil double tuned for both !H observe
and 2H lock, designed to spin samples about the magic angle (54.7) at a speed of 2 kHz.
The sample tubes have a 40 uX capacity and are sealed with a Teflon plunger. All data
were acquired using standard high-resolution experiments. All on-bead samples were
swollen in CD2C12 before analysis.
Fast Atom Bombardment (FAB) MS
All FAB MS andMS/MS data were acquired on a JEOL SX-102 reverse
geometry, double focus sector mass spectrometer. Fast atom bombardment was achieved
using Argon gas. Mass spectra were acquired (scan function B) using an acceleration
voltage of 10KV, with 1000 resolution over a scan range of 10-1000 amu, with a scan
speed of 15 seconds. MS/MS spectra were acquired (scan function B/E) using product
ion scan. All samples were analyzed using positive ion mode forMS andMS/MS.




All solution NMR data were acquired on either a Varian VXR-300S NMR
spectrometer or a VarianMercury Vx NMR spectrometer. Both instruments operate at a
*H frequency of 300 MHz. The VXR300S spectrometer is equipped with a four nucleus 5
mm probe. TheMercury Vx NMR is equipped with four nucleus, 5 mm, PFG probe. All
data were acquired using standard high resolution experiments.
GC/MS Analysis
All GC/MS data were acquired on a Hewlett Packard 5890 series II gas
chromatograph equipped with a 5970 mass spectrometer. The capillary column from the
GC was directly interfaced into theMSD and the injection port was configured for split
injection. The GC column used was a J &W narrow bore 30 m DB5ms with a 0.25p.m
film thickness. The GC inlet was set at 320C and the transfer line temperature was set to
320C. The column temperature was ramped from 100 to 320C at a rate of 15C/min,
and held at final temperature for 5 minutes. The mass spectrometer was set up with a scan
range of 21-450 amu, scanning at a rate of4.9 scans/second.
GC Analysis
All GC data were acquired on a Hewlett Packard 5890 gas chromatograph
equipped with a flame ionization detector. The injection port was configured for splitless
injection. The GC column used was a J &W narrow bore 30 mDB5 with a 0.25 |im film
thickness. The GC inlet was set at 320C and the detector temperature was set to 320C.
The column temperature was ramped from 100 to 320C at a rate of 15C/min, and held at
final temperature for 5 minutes.
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GC and GC/MS Data
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(ALDRICH #1). Product cleaved
from the resin and derivitized
using BSTFA
to form TMS
esters. These spectra represent
the Chloro impurity.
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GC/MS soectra of acylation
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of
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Gas Phase Cleavage Apparatus
Gl
Figure G-l
Analytical scale gas phase cleavage of chemistry on beads
Designed and fabricated by Joe West, Glass Fabrication Dept.
Eastman Kodak Company
G2
